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RNA interferenceMicroRNA (miRNA) transcription is still not well understood until now. To increase themiRNA abundance, we
stimulated miRNA transcription with CuSO4 and knocked down Drosha enzyme using dsRNA in Drosophila S2
cells. The full length transcripts of bantam, miR-276a and miR-277, the 5′-end of miR-8, the 3′-end of miR-2b
and miR-10 were obtained. We also conducted a series of miRNA promoter analysis to prove the reliability of
RACE results. Luciferase-reporter assays proved that both bantam andmiR-276a promoters successfully drove
the expressions of downstream luciferase genes. The promoter activities were impaired by introducing one or
multiple mutations at predicted transcription factor binding sites. Chromatin immunoprecipitation analysis
conﬁrmed that hypophosphorylated RNA polymerase II and transcription factor c-Myc physically bind at
miRNA promoter. RNA interference of transcription factors Mad and Prd led to down-expression of bantam,
miR-277 and miR-2b but not miR-276a, whereas RNAi of Dorsal had the opposite effect.l rights reserved.© 2011 Elsevier Inc. All rights reserved.1. Introduction
MicroRNA (miRNA) is an important class of non-coding RNAs
(ncRNAs), which plays an important role in post-transcriptional regula-
tion of protein coding genes. The miRNA biogenesis procedure can be
divided into the following steps. First, primary miRNAs (pri-miRNAs) are
transcribed from genomic DNA in the nucleus. Second, precursormiRNAs
(pre-miRNAs) are processed from pri-miRNAs by the enzyme Drosha in
the nucleus. Third, pre-miRNAswere transported to the cytoplasmwhere
they are cleavedby the enzymeDicer into a short double-strandedmiRNA
duplex (mature miRNA) which are generally ~22 nt [1]. Finally, mature
miRNAs target the complementary sequence of messenger RNA (mRNA),
leading to translational repression or mRNA degradation in a wide range
of organisms.
According to their locations in the genome, miRNA genes are
classiﬁed into intragenic and intergenic. Though some intronic
miRNAs were reported to have their own promoters [2], intragenic
miRNAs are generally thought to be transcribed in parallel with their
host genes [3]. As an exception, a kind of special intronic miRNA,
mirtron, is spliced out of the host transcripts into the direct substrate
of Dicer [4–7].In recent years, major progress has beenmade in understanding the
expression and function of miRNA genes [8,9]. However, miRNA
transcription is less understood. Only a limited number of intergenic
miRNAs have been extensively studied on their full-length transcripts,
including worm let-7 [10], human H19 RNA (pri-mir-675) [11] and the
mir-19–92 cluster [12,13], and vertebrate pri-mir-21,mir-223,mir-155,
pri-mir-34a, pri-mir-23a-27a-24-2 and the miRNA cluster of mir-290-
291a-292-291b-293-294-295 [14–16]. In general, these examined
miRNAs had type-II RNA polymerase (pol II)-like promoters.
MiRNA expression is regulated by transcription factors. However,
understanding cis-acting elements of miRNA expressions mainly
relies on bioinformatics analysis and is still short of experimental
evidences [17]. At present, only several transcription factors were
experimentally conﬁrmed, such as NF-kappaB p65 [18], c-Myc [19],
hbl-1 [20], Hth and Tsh [21], Ap-1 STAT3 and DBP [22], FLYWCH [23]
and AtMYC2, ARF, SORLREP3, and LFY in Arabidopsis [24].
A better understanding of miRNA transcription will provide new
insights into not only treatingmiRNA-associated diseases [25] but also
seed breeding or pest control in agriculture [26]. In addition,
knowledge of full-length transcripts of miRNAs and their regulatory
elements will beneﬁt feature selection of ncRNA genes, which is
critical for developing algorithms for intergenic region annotation
[27,28]. In this work, we studied the transcription of intergenic
miRNAs in Drosophila melanogaster, aiming to provide information on
intergenic pri-miRNA and their regulatory elements. Full length pri-
miRNAs were obtained after knocking down the expression of Drosha.
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sites (TFBS) were analyzed and conﬁrmed by chromatin immuno-
precipitation (ChIP) and luciferase reporter assays.
2. Materials and methods
2.1. Fly and cell culture
The wild type fruit ﬂy w1118 line was reared on standard medium
at 25 °C. Drosophila S2 cells (Invitrogen, Carlsbad, CA) were cultured
in plastic ﬂasks at 28 °C in Schneider's Drosophila medium (GIBCO-
Invitrogen, Carlsbad, CA) supplemented with 10% heat inactivated
fetal bovine serum (FBS).
2.2. RNA interference
Double-stranded RNAs (dsRNA) were transcribed in vitro using a T7
RiboMax Express RNAi kit (Promega, Madison, WI). T7 RNA promoter
sequenceswere added at 5′ end of both forward and reverse primers. For
Drosha gene, a 707-bp fragment was ampliﬁed. The forward primer was
dsDrosha_forward (5′-GGA TCC TAA TAC GAC TCA CTA TAG GCA CCA
AGCCGG-3′) and the reverse primerwas dsDrosha_reverse (5′-GGA TCC
TAA TAC GAC TCA CTA TAG GTT GCC AAA TCT GGA CAT-3′). For
transcription factors Dorsal gene, the primers were dsDorsal_Forward
(5′-GGG ATC CTA ATA CGA CTC ACT ATA GGA TCT GAA TTC GGT GCG
ATT-3′) and dsDorsal_Reverse (5′-GGA TCC TAA TAC GAC TCA CTA TAG
GTA ATG GCA GTC TGC TTG TGG-3′). The primers for amplifying Myc
were dsMyc_Forward (5′-GGA TCC TAA TACGAC TCA CTA TAGGCAAAG
TGA CGC ATA GCT CCA-3′) and dsMyc_Reverse (5′-GGA TCC TAA TAC
GAC TCA CTA TAG GGG TTA TCC TAG CCC TAC GCC-3′). The primers for
Madwere dsMad_Forward (5′-GGATCC TAATACGACTCACTA TAGGAA
ATG GGC TCT CCG CAT AAT-3′) and dsMad_Reverse (5′-GGA TCC TAA
TAC GAC TCA CTA TAG GAG CTC GCT GTC CAT TTT CAT-3′). The primers
used for amplifying Paired gene were dsPaired_Forward (5′-GGA TCC
TAA TAC GAC TCA CTA TAG GTT TGC CCA GTG TGG TAT CAA-3′) and
dsPaired_Reverse (5′-GGA TCC TAA TACGAC TCA CTA TAGGTA CAACTG
CGA CTG ACT GGC-3′).
For RNAi experiments, the exponentially diluted S2 cells were
seeded into 6-well plates (Corning) at a ﬁnal concentration of
106 cells/ml per well. Then, 15-μg dsRNA and 3.5 μl of 700-mM
CuSO4were added directly into themedia and then swirled vigorously
for 10 s. Cells were incubated at 28 °C for 72 h before subsequent
experiments [29–31].
2.3. RNA extraction and PCR
Total RNAwas isolated from adult fruit ﬂies or S2 cells using TRIzol
(Invitrogen), followed by DNase I treatment (TaKaRa, Japan). The
cDNA template was synthesized using SuperScript III (Invitrogen)
with oligo-dT18 as anchor primers. Quantitative real-time PCR was
performed on the ABI PRISM 7300 using SYBR green PCR Master Mix
(Applied Biosystems, Foster City, CA).
2.4. Quantitative real time PCR (qPCR)
The mRNA abundance of examined genes including enzyme
Drosha, transcription factors Dorsal, Myc, Mad and Prd, miRNA
genes bantam, miR-276a, miR-277 and miR-2b was estimated by
qPCR. Ribosomal protein L11 (RpL11) was used as the reference gene.
All primers used in the qPCR are listed in the supplemental material
(Table S1).
2.5. RACE
RNA ligase-mediated rapid ampliﬁcation of 5′ and 3′ cDNA ends
(RLM-RACE) was performed using a GeneRacer kit (Invitrogen,Carlsbad, CA) following the manufacturer's instructions. The pri-
miRNA transcripts were obtained by RACE using universal primer
provided in the GeneRacer kit and gene-speciﬁc primers (GSP) of
different miRNAs. The RACE products were separated on agarose gels
by electrophoresis, and cloned into the pGEM-T Easy vector (Promega,
Madison, WI) for sequencing. The full length transcripts were
conﬁrmed by end-to-end RT-PCRs with primers designed at both
ends. All the primer sequences are listed in Table S1.
2.6. Site-directed mutagenesis of miRNA promoters
Site-directed mutagenesis of transcription factor binding sites
(TFBS) of bantam and miR-276a was performed using an in vitro Site-
Directed Mutagenesis System (Promega). Two complimentary oligo-
nucleotides containing desired mutations were synthesized. All
primers used for site-directed mutagenesis are listed in Table S2.
The reactions were carried out following the manufacturer's protocol
(10 μl 5× PrimeSTAR GC Buffer, 2.5 mM each dNTP, 10 μM each
primer, 200 ng plasmid DNA, 2.5 U/μl primeSTAR HS DNA Polymerase
and double distilled H2O to a ﬁnal volume of 50 μl). The thermal
cycling conditions contained a denaturation step at 95 °C for 30 s
followed by 16 cycles involving 95 °C for 30 s, 55 °C for 60 s and 68 °C
for 2 min on a PTC-200 Thermocycler. Reactions were terminated by
placing on ice for 2 min. Then, 1-μl DpnI (10 U/μl) was added to each
reaction and incubated at 37 °C for 2 h. The plasmids were extracted
using Qiagen Plasmid Mini Kit to eliminate endotoxin contamination.
All constructs were sequenced to conﬁrm that mutations were
introduced at proper positions.
2.7. Luciferase reporter assays of miRNA promoters
The native promoters of miR-276a and bantam ampliﬁed by PCR
from Drosophila genomic DNA and the mutated promoters produced
with site-directed mutagenesis kit were cloned into pGL3-basic at the
XhoI site (Promega), respectively. The constructs were extracted with
an endo-free plasmid mini kit (Qiagen) and conﬁrmed by sequencing.
Drosophila S2 cells were plated in 6-well plates at a density of 2×106
cells/well in Schneider's culture medium (Invitrogen) 24 h prior to
transfection. After culturing for 24 h, 4 μg of each constructs and
200 ng of pRL-cmv were co-transfected using lipofectamine (Invitro-
gen) into S2 cells in 6-well plates according to the manufacturer's
recommendations. At 48 h post-transfection, cell lysates were
prepared using passive lysis buffer provided by the manufacturer.
Luciferase assays were performed using a dual-luciferase reporter
assay system according to the manufacturer's protocols (Promega)
with Mithras LB 940 luminometer (Berthold, German). Fireﬂy
luciferase activity was normalized to Renilla luciferase activity.
2.8. Chromatin immunoprecipitation assay
The ChIP assays were carried out using the protocol described by
Cavalli et al. [32] with some modiﬁcations.
2.8.1. Formaldehyde cross-linking cells
Approximately 200 mg of ﬂies or 2×106 S2 cells were cross-linked
with 1.8% formaldehyde in 5 ml buffer A1 at room temperature for
15 min. After adding glycine to a ﬁnal concentration of 225 mM, the
homogenate was centrifuged for 5 min at 4000×g and 4 °C. The buffer
A1 contains 60 mM KCl, 15 mM NaCl, 4 mMMgCl2, 0.5% Triton X-100,
0.5 mM DTT, 10 mM sodium butyrate, 15 mM HEPES pH7.6, EDTA-
free protease inhibitor cocktail (Calbiochem, EMD Biosciences,
Madison, WI). The crude nuclei pellet was then washed three times
in 3 ml buffer A1 and once in 3 ml lysis buffer (140 mM NaCl, 15 mM
HEPES pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.5 mM
DTT, 0.1% sodium deoxycholate and protease inhibitors) at 4 °C.
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Nuclei was suspended in 0.5 ml lysis buffer in the presence of 0.1%
SDS and 0.5% N-lauroylsarcosine and incubated for 10 min on a
rotating wheel at 4 °C. After sonication involving four pulses of 25 s
with 2-min intervals (Soniprep 150, Sanyo Japan) and 10-min high-
speed centrifugation, fragmented chromatin was recovered in the
supernatant. Chromatin in lysis buffer was pre-incubated in the
presence of 100 μl of a 50% (w/v) protein A-sepharose (PAS)
suspension (Amersham, Piscataway, NJ) for 4 h at 4 °C.
2.8.3. Chromatin precipitation
Rabbit polyclonal anti-Myc antibody (d1–717, Santa Cruz, CA) and
mouse monoclonal anti-Pol-II antibody (8WG16, Santa Cruz, CA)
were used to immune-precipitate chromatin fragments. Samples
were incubated overnight at 4 °C on a rotating wheel. Then, 50 μl of
PAS was added and incubation was continued for 4 h at 4 °C.
2.8.4. Wash, elution and reverse cross-linking
Samples were washed four times in 1 ml lysis buffer and twice in
1 ml TE buffer (pH 8.0). Chromatin was eluted in two steps: ﬁrst in
100 μl 50 mM Tris buffer (pH 8) solution containing 10 mM EDTA and
1% SDS at 65 °C for 10 min, followed by centrifugation and recovery of
the supernatant. PAS material was re-extracted in 150 μl TE contain-
ing 0.67% SDS. The cross-linked eluate (250 μl) was incubated for 6 h
at 65 °C to reverse the cross-linking and treated with proteinase K and
RNase I. Samples were phenol–chloroform extracted and ethanol
precipitated. The immunoprecipitated DNAwas re-suspended in 25 μl
of water as a template for the ChIP-PCR.
2.9. ChIP-PCRs
“Input DNA” was obtained from chromatins before immunopre-
cipitation. For detecting pol-II sites, we designed primers at the
regions of−250, +50 around TSSs. The primer sequences were given
in Table S1. The thermal cycling conditions for the PCRs involved an
initial cycle of 3 min at 94 °C; then 30 s at 94 °C, 30 s at 70 °C with
touchdown of−1 °C per cycle and 30 s at 72 °C for 10 cycles; 23 cycles
of 30 s at 94 °C, 30 s at 58 °C and 30 s at 72 °C; with a ﬁnal cycle of
72 °C for 5 min. Following ampliﬁcation, ChIP-PCR products were
resolved on 1.5% (w/v) agarose gels and viewed by UV trans-
illumination using QuantityOne software (GelDoc System 2000; Bio-
Rad, Hercules, CA, USA).
2.10. Bioinformatics
Intergenic miRNAs of Drosophila were downloaded from miRBase
(Version12.0) and their distance to adjacent genes was calculated by
mapping their sequence to the fruit ﬂy genome (Flybase, release5.8).
Sequence conservation was examined using the UCSC genome browser
(http://genome.ucsc.edu/). Putative binding sites for transcription
factors of conserved genomic regions were predicted by PROMO 3.0
(Transfac v8.3) [33,34]. Motif pattern discovery was performed with
MEME server (version 3.5.7) using the default parameters of motif
length 6–50 bases and motif mode “Zero or one per sequence”.
3. Results
3.1. Increasing miRNA abundance in S2 cells by CuSO4 stimulation and
RNAi of Drosha
Due to the fast processing of pri-miRNA into pre-miRNA by Drosha,
pri-miRNAs is generally low abundant. Therefore, it is hard to amplify
the full length transcripts of pri-miRNAs with normal strategies. To
increase the abundance of pri-miRNA, we added 3.5 μl 700 mM CuSO4
into Schneider'sDrosophilamedium to stimulate gene transcription.We
also knocked down the Drosha enzymewith RNAi method to block pri-miRNA processing. After soaking S2 cells inmedium containing double-
stranded RNA for 72 h, we successfully repressed Drosha by more than
70% after normalized with the housekeeping gene RpL11 (Fig. 1A).
According to the annotations in the miRbase, we selected 13
intergenic miRNAs to amplify their full length transcripts. Among
which, three were on the left arm of chromosome 2 (2L), three on the
right arm of chromosome 2 (2R), three on 3L, three on 3R and one
from chromosome X (Table S1). The fragments of 13 miRNAs were
successfully ampliﬁed in the treated S2 cells whereas only eight of
them were detected in the untreated S2 cells, suggesting that the
abundance of pri-miRNAs were apparently increased in the RNAi-
treated S2 cells (Fig. 1B).
3.2. Amplifying the full-length transcripts of pri-miRNAs
Using the RACE strategy, we successfully ampliﬁed the 5′ end of four
pri-miRNAs (bantam,mir-276a,mir-277 andmir-8) and the 3′endofﬁve
miRNAs (bantam,mir-2b,mir-10,mir-276a andmir-277) fromtheRNAi-
treated S2 cells. The full-length transcripts of bantam,mir-276a andmir-
277were assembled and then conﬁrmed by end-to-endRT-PCR (Table 1,
Fig. 2). All transcripts have capped G and poly (A) tails, the typical
structure features of the product of pol-II promoter. The sequences of pri-
Bantam, pri-miR-276a and pri-miR-277 were near perfectly matched
with Drosophila genome using BLAT at the UCSC Genome Browser.
Based on RACE results and end-to-end PCR validation, there are
two alternative spliced isoforms of Bantam. The long isoform was
2504 bp with four introns. The short isoform was 1406 bp with ﬁve
introns (Fig. S1). Both pri-miR-276a and pri-miR-277 had two
transcription starting sites (TSSs). The long pri-miR-276a was
1632 bp whereas the short pri-miR-276a was 873 bp. The long pri-
miR-277 was 1300 bp and the short pri-miR-277 was 807 bp. There
was an alternative intron of 429 bp located near the 5′ end of pri-miR-
8. Pri-miR-10 had two alternative 3′ ends.
3.3. MiRNA promoter activity assay
Toconﬁrm the reliability of RACE results,we examined the activity of
putative promoters deduced from the ampliﬁed full length transcripts.
Thedual-luciferase reporter systemwasused to assaypromoter activity.
The putative promoters of bantam and mir-276a were cloned from
genomic DNA and ligated into plasmid pGL-3 at the upstreamof a ﬁreﬂy
luciferase gene. All constructs were sequenced for validation.
There was only one TSS for bantam. Two constructs were made
with different lengths of bantam promoter regions. One was long
promoter from nucleotides−558 to +30 ﬂanking the TSS (construct
P1), and the otherwas short promoter from nucleotides−310 to+30
(construct P2). The results indicated that both long and short
promoters had the ability to drive the expression of downstream
luciferase gene. The long promoter had signiﬁcant higher activity than
the short promoter, suggesting that there were some enhancers
located at the region of−558 to−330 (Fig. 3A). There were two TSSs
for miR-276a. We made one construct for each TSS. Construct P3
contained the promoter region from nucleotides −239 to +49
ﬂanking TSS1 and construct P4 included the putative promoter region
ﬂanking TSS2 (nucleotides +528 to +844). Construct P3 exhibited
higher luciferase activities than P4, suggesting that TSS1 was the
major TSS for mir-276a (Fig. 3B). In all, luciferase-reporter assays
conﬁrmed that both putative bantam and miR-276a promoters had
the activity of driving gene expression. This proved that the TSSs
mapped with the RACE strategy are valid and reliable.
3.4. Binding of hypophosphorylated RNA polymerase II at miRNA
promoter regions
Hypophosphorylated RNA polymerase II (Pol-IIa) has been reported
to localize almost exclusively to the 5′ ends of genes [37]. The binding of
Fig. 1. (A)Droshawas repressed by dsRNA in S2 cells bymore than 70%. The housekeeping gene RpL11was used as the reference control. (B) The fragments of all examinedmiRNAswere
ampliﬁed in RNAi-treated S2 cells whereas only eight miRNAs were ampliﬁed in the untreated S2 cells, suggesting that miRNA abundance was increased by RNAi of Drosha enzyme.
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investigate whether Pol-IIa was involved in miRNA transcription, we
performed ChIP experiments with the 8WG16 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) that recognizes the hypophosphorylated
Pol-IIa. The Pol-III promoter sequences were used as the negative
control. ChIP-PCRs demonstrated the physical presence of Pol-IIa at the
bantam, mir-8, mir-276a and mir-277 promoters. There were two TSSs
for pri-mir-276a and pri-mir-277. We found that Pol-IIa was present
upstream of two TSSs, suggesting that these multiple TSSs were true
TSSs, which is consistent with the results of promoter activity assays
(Fig. 4). These resultswere in general agreedwith the ChIP-chip analysis
of in vivo DNA binding by the Berkeley Drosophila Transcription
Network Project [38], but our results providemore detail information of
examined miRNAs.Table 1
MiRNA genes with full-length or partial sequences ampliﬁed by RACE strategy.
microRNA GenBank accession numbers Chromosome 5′ends 3′ends
Bantam FJ485607 3L 641215 643911
miR-276aa FJ485606 3L 10357123 10358766
10356363
miR-277a FJ485605 3R 5924736 5926013
5924243
miR-8 FJ485604 2R 12718193 –
miR-2b-1 FJ485602 2L – 8258724
miR-10b FJ485603 3R – 2635362
2634883
a miR-276a and miR-277 have two alternative 5′-ends.
b miR-10 has two alternative 3′-ends.3.5. Transcription factors participating in miRNA transcription
Transcription factors play a key role in regulating miRNA
transcription. We predicted putative transcription factors binding
sites (TFBSs) at the promoter regions conﬁrmed by luciferase-reporter
assays and ChIP-PCR analysis.
Binding of transcription factor Myc at miRNA promoter regions
transcription factor Myc was reported to activate mir-17–92 cluster
expression and repress a large set of miRNA genes in humans and
mice [35,36]. Binding sites of Myc were predicted at promoter regions
of miR-8, miR-277 andmiR-276a, as well as at downstream of bantam.ChIP-PCRs conﬁrmed the physical presence of Myc at the core
promoter regions of miR-8, miR-277 and the downstream region of
bantam. However, we did not detect Myc at the mir-276a promoter
(Fig. 5).
Mutations of TFBSs impair promoter activities to further study on the
transcription factors involved in miRNA transcription, we mutated
one or multiple TFBSs of Mad, Prd and Dorsal at the promoter regions
of Bantam ormiR-276a. The transcription activities of mutatedmiRNA
promoters were examined by a dual-luciferase reporter system as
described above. There was a binding site for Mad at nucleotides−20
Fig. 2. Genomic structures of Drosophila intergenic miRNA genes including bantam, mir-276a, mir-277, pri-mir-2b-1, pri-mir-8 and pri-mir-10. The blue boxes represent exonic
sequences and the lines represent intronic sequences. The orange boxes indicate pre-miRNA sequences. The numbers above the boxes are the positions of miRNA sequences in D.
melanogaster genome. The numbers below the boxes are the positions corresponding to the miRNA sequences (beginning from position 1).
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positions −12 to −10 (Bantam [−12]). The other mutation was at
positions +1 to +3 (Bantam [+1]). Another construct was produced
to contain mutations at both sites (Bantam [−12, +1]). The
transcriptional activities of the mutated promoters decreased 40–
85% compared to the control. The impact of mutations at positions +1
to +3 was apparently higher than the mutation at positions −12 to
−10. Introducing mutations at both sites (Bantam-12 +1) had a similar
inﬂuence as a single mutation at positions +1 to +3 (Bantam +1).
These results suggested that positions +1 to +3 play a key role in the
transcriptional regulation of Mad (Fig. 6A). There were two binding sites
for Prd (−31 and−6), one for Mad (+8) and one for Dorsal (+29) at
the promoter region of miR-276a. We mutated one or multiple sites
simultaneously in one construct. In total, 15 constructs were made
containing mutated promoters of miR-276a. The results showed that all
mutations reduced transcriptional activity of miR-276a promoter but
different mutations had varied effects. The mutation at position−6 had
apparently higher impact than that at position −30. Single mutationFig. 3. Luciferase reporter assays of miRNA promoter activity. The blue arrows indicate th
conservations among 14 insect species. High black column means high conservation. (A) Th
ﬂanking the Bantam TSS, P2: the short promoter from nucleotides−310 to +30 ﬂanking th
Error bars represent the standard deviation. Experiments were repeated in triplicate. The re
276a promoter. P3:−487 to +791 region ﬂanking TSS of pri-mir-276a, P4:−239 to +49 r
276a TSS, Empty: pGL3 without promoter sequences. The results indicated that P4 had th
necessary cis-acting elements for promoters. The P5 construct did show any promoter activanalysis indicated that Mad and Dorsal had similar regulatory roles on
miR-276a transcription. Generally, multiplemutations had a higher effect
on miR-276a transcription than a single mutation. Among the constructs
containing three or fourmutations, those having themutation at position
−6 had lower luciferase activities, suggesting that position −6 was the
most important TFBS (Fig. 6B).
RNAi of transcription factors we interfered with Dorsal, Myc, Mad
and Prd in S2 cells using the RNAi technique. In the RNAi-treated S2
cells, the mRNA abundance of transcription factors decreased to
20– 40% of the control level. The housekeeping gene RpL11 was used
as the reference control (Fig. 7A). Knockdown of Mad and Prd led to
down-expression of bantam, miR-277 and miR-2b but not miR-276a.
However, RNAi of Dorsal had the opposite effect, resulting in the
down-expression of miR-276a but no other miRNAs. RNAi of Myc
affected the expression of miR-277 and miR-2b (Fig. 7B).
In conclusion, according to the results of ChIP-PCRs, site-directed
mutagenesis of TFBS and RNA interference, we presented direct
experimental evidence that Myc involved in the transcription of miR-e positions of transcription starting sites (TSS). The black columns indicate sequences
e activities of Bantam promoter. P1: the long promoter from nucleotides−558 to +30
e Bantam TSS. P1r: reversed sequence of P1. Empty: pGL3 without promoter sequences.
sults indicated that P1 had higher promoter activity than P2. (B) The activities of miR-
egion ﬂanking TSS of pri-mir-276a, P5: +528 to +84 region at downstream of pri-mir-
e highest promoter activity than other constructs, suggesting this region contains all
ity.
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Fig. 4. Chromatin immunoprecipitation (ChIP) assays of hypophosphorylated RNA
polymerase II (Pol-IIa) at the promoters of Drosophila intergenic miRNA genes. The
binding of Pol-IIa was examined in S2 cells using antibody anti-pol-II (8WG16). The
sequences of a pol-III promoter were used as the negative control. Two transcription
starting sites (TSSs) found by 5′-RACE was selected for miR-276a and miR-277,
respectively. As indicated by ChIP-PCRs, miR-276a TSS2 was not an active transcrip-
tional starting site. Pol-IIa binds at all other examined promoters.
Fig. 5. Chromatin immunoprecipitation (ChIP) assays of transcription factor Myc at
promoter region of bantam, miR-8, miR-277 and miR-276a. The binding of Myc at
miRNA promoters was examined with ChIP-PCRs using antibody anti-Myc. The primers
were designed to cover predicted binding sites. Two binding sites were predicted at the
promoter regions of miR-8 and miR-277. ChIP-PCR results indicated that transcription
factor Myc physically binds to the promoters of miR-8 and miR-277 but not miR-276a.
300 J. Qian et al. / Genomics 97 (2011) 294–3038,miR-277,miR-2b andBantam.Madand Prd activate Bantam,miR-277
and miR-2b but repress miR-276a. Dorsal activate miR-276a but no
other miRNAs. It seems that miR-276a has a different regulation
mechanism with other examined miRNAs.
4. Discussion
MiRNAs have attracted much attention since the ﬁrst discovery of
lin-4 in nematode. Thousands of miRNAs have been discovered and
deposited in themiRBase fromdiverse organisms including vertebrates,
nematodes, insects and plants [37]. However, possibly due to low
abundance, miRNA transcription analysis is still not well known. Here,
we proved that CuSO4 stimulation and RNAi of Drosha is an efﬁcient
strategy to increase the abundance of the pri-miRNAs. After stimulating
transcription and inhibiting the Drosha enzyme, the full length
transcripts of three miRNAs were obtained.
Recently, in mammals, many high-throughput methods have been
applied to study the transcriptional regulation and promoters ofmiRNA
genes. By combining genome-wide screen cDNA, ChIP-chip or ChIP-seq
with chromatin signatures (nucleosome mapping, CpG islands, and
histone modiﬁcation), many human and mouse gene boundaries and
promoters have been estimated and predicted [38–40]. A tilling array
was applied to detect RNA transcript accumulation after knocking out
the Drosha enzyme in S2 cells [41]. However, high-throughputmethods
lack resolution and thus cannot identify the exact TSSs anddetailedgene
structures.
4.1. Alternative splicing of miRNA genes
In this study, we found that pri-bantam had ﬁve introns.
Additionally, the gene structure of mir-8 had one alternative intron,
suggesting that alternative splicing of pri-miRNAs might widely exist.
Recently, it has been reported that primary miRNA transcript
retention at sites of transcription leads to enhanced miRNAproduction because of the coordination of transcription and proces-
sing [42]. It has been reported that let-7 in Caenorhabditis elegans
underwent trans-splicing before processing by Drosha [10]. Our data
demonstrated that splicing of primary transcripts may happen
frequently in miRNA biogenesis.
Multiple TSSs are an important mechanism for increasing the
complexity of genes and contributing to diversity of function, which
has beenwell studied in protein-coding genes. It has been reported that
human miRNA gene cluster MIR23A-MIR27A-MIR24-2 and worm let-7
miRNA had alternative TSSs [10,43]. In this study, we identiﬁed two
TSSs for both mir-276a and mir-277. We also found multiple poly (A)
tails for mir-10. In most cases, these alternative transcripts for each
miRNA produced identical mature miRNAs. Therefore, they had limited
inﬂuence onmiRNA function.We argued that different TSSsmight have
varied transcriptional efﬁcacy and thus regulate the expression of
miRNA at ﬁne-tune level. Further understanding of alternative splicing
may provide more information for spatial–temporal regulation of
miRNA genes.4.2. Transcription factors in regulating miRNA genes
Although human Alu-related miRNAs were transcribed by RNA
polymerase III [44],mostmiRNAs are believed to be the products of RNA
polymerase II [45]. In this work, we proved that hypophosphorylated
RNApolymerase II andMyc physically binds to the promoter of bantam,
mir-8 and mir-277. Luciferase assays indicated that putative miRNA
promoters had transcriptional activities, and mutation of TFBSs
impaired promoter activities. RNAi of Dorsal, Myc, Mad and Prd
apparently affected the expression of miRNAs. It has been reported
that some important transcription factors of protein-coding genes also
participated in miRNA transcription. Our work conﬁrmed that most, if
not all, intergenic miRNAs share a similar transcriptional regulation
network as protein-coding genes.
Fig. 6. (A) Site-directed mutagenesis of transcription factor binding site (TFBS) of Mad at the promoter region of Bantam. Mutation was introduced at the positions −12 and +1
(corresponding to TSS). The empty triangles indicated the positions of mutations. The line indicated Bantam transcripts. Bantam [−12]: the mutation was introduced at positions
−12 to −10. Bantam [+1]: the mutation was introduced at positions +1 to +3. Bantam [−12, +1]: mutations were introduced at both sites. The luciferase reporter assay
indicated that position+1 plays a key role in transcription. (B) Site-directed mutagenesis of TFBSs of Mad, Prd and Dorsa at pri-mir-276a promoter. There were two binding sites for
Prd (−31 and−6), one for Mad (+8) and one for Dorsal (+29) at the promoter region of miR-276a. The position(s) of mutation(s) was given in the bracket. Luciferase reporter
assay indicated that position −6 of Prd is the most important functional site at the promoter region of miR-276a. Multiple mutations resulted in low luciferase activities.
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The 5′ end of four miRNAs and 3′ end of ﬁve miRNAs were
obtained with the RACE strategy. The full-length transcripts of
bantam, mir-276a and mir-277 were obtained. We found that
miRNA genes were also rich in alternative splicing sites. ChIP-PCRs
results indicated that hypophosphorylated RNA polymerase II and
transcription factor Myc physically bind to miRNA promoters.Luciferase assays demonstrated that putative miRNA promoters
drove the transcription of downstream luciferase gene. Mutation of
TFBSs resulted in a decrease of promoter activities. RNAi of
transcription factors apparently affected miRNA abundance. Inter-
genic miRNA genes in Drosophila were regulated by a similar
transcriptional mechanism as protein-coding genes.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2011.02.004.
Fig. 7. RNA interference of transcription factors (TF) Mad, Myc, Dorsal and Prd. The
housekeeping gene RpL-11 was used as the internal control. The expressional levels of
examined genes in the untreated S2 cells were used for normalization. (A) The
expressions of examined TFs were apparently decreased. (B) The expression changes of
miR-276a, miR-277, Bantam and miR-2b after RNAi of different transcription factors.
302 J. Qian et al. / Genomics 97 (2011) 294–303Acknowledgments
This work was supported by the transgenic program
(2009ZX08001-002B), National Basic Research Program of China
(2009CB125902, 2010CB126200), the National Science Foundation of
China (30771417, 30871636) and the Project of New Century
Excellent Talents in University (NCET-07-0405).
References
[1] V. Kim, J. Han, M. Siomi, Biogenesis of small RNAs in animals, Nat. Rev. Mol. Cell
Biol. 10 (2009) 126–139.
[2] H. Xiong, J. Qian, T. He, F. Li, Independent transcription ofmiR-281 in the intron of ODA
in Drosophila melanogaster, Biochem. Biophys. Res. Commun. 378 (2009) 883–889.
[3] A. Rodriguez, S. Grifﬁths-Jones, J.L. Ashurst, A. Bradley, Identiﬁcation of
mammalian microRNA host genes and transcription units, Genome Res. 14
(2004) 1902–1910.
[4] J.G. Ruby, C.H. Jan, D.P. Bartel, Intronic microRNA precursors that bypass Drosha
processing, Nature 448 (2007) 83–86.
[5] P. Goymer,MicroRNA: introducing themirtron,Nat. Rev.Mol. Cell Biol. 8 (2007) 597.
[6] K. Okamura, J.W. Hagen, H. Duan, D.M. Tyler, E.C. Lai, The mirtron pathway
generates microRNA-Class regulatory RNAs in Drosophila, Cell 130 (2007)
89–100.
[7] Y.K. Kim, V.N. Kim, Processing of intronic microRNAs, EMBO J. 26 (2007) 775–783.
[8] V.N. Kim, J.W. Nam, Genomics of microRNA, Trends Genet. 22 (2006) 165–173.
[9] N. Bushati, S.M. Cohen, microRNA functions, Annu. Rev. Cell Dev. Biol. 23 (2007)
175–205.
[10] J. Bracht, S. Hunter, R. Eachus, P. Weeks, A. Pasquinelli, Trans-splicing and
polyadenylation of let-7 microRNA primary transcripts, RNA 10 (2004)
1586–1594.
[11] A. Gabory, M.A. Ripoche, T. Yoshimizu, L. Dandolo, The H19 gene: regulation and
function of a non-coding RNA, Cytogenet. Genome Res. 113 (2006) 188–193.
[12] Y. Hayashita, H. Osada, Y. Tatematsu, H. Yamada, K. Yanagisawa, S. Tomida, Y.
Yatabe, K. Kawahara, Y. Sekido, T. Takahashi, A polycistronic microRNA cluster,
miR-17–92, is overexpressed in human lung cancers and enhances cell
proliferation, AACR, 2005, pp. 9628–9632.[13] A. Ota, H. Tagawa, S. Karnan, S. Tsuzuki, A. Karpas, S. Kira, Y. Yoshida, M. Seto,
Identiﬁcation and characterization of a novel gene, C13orf25, as a Target for
13q31–q32 ampliﬁcation in malignant lymphoma, AACR, 2004, pp. 3087–3095.
[14] T. Fukao, Y. Fukuda, K. Kiga, J. Sharif, K. Hino, Y. Enomoto, A. Kawamura, K.
Nakamura, T. Takeuchi, M. Tanabe, An evolutionarily conserved mechanism for
MicroRNA-223 expression revealed by MicroRNA gene proﬁling, Cell 129 (2007)
617–631.
[15] N. Liu, A.H. Williams, Y. Kim, J. McAnally, S. Bezprozvannaya, L.B. Sutherland, J.A.
Richardson, R. Bassel-Duby, E.N. Olson, An intragenic MEF2-dependent enhancer
directs muscle-speciﬁc expression of microRNAs 1 and 133, Proc. Natl Acad. Sci.
104 (2007) 20844.
[16] W. Tam, J.E. Dahlberg, miR-155/BIC as an oncogenic microRNA, Genes Chromo-
som. Cancer 45 (2006) 211–212.
[17] X. Cui, S.M. Xu, D.S. Mu, Z.M. Yang, Genomic analysis of rice microRNA promoters
and clusters, Gene 431 (2009) 61–66.
[18] R. Zhou, G. Hu, A.Y. Gong, X.M. Chen, Binding of NF-kappaB p65 subunit to the
promoter elements is involved in LPS-induced transactivation of miRNA genes in
human biliary epithelial cells, Nucleic Acids Res. 38 (2010) 3222–3232.
[19] J. Xiong, Q. Du, Z. Liang, Tumor-suppressive microRNA-22 inhibits the transcrip-
tion of E-box-containing c-Myc target genes by silencing c-Myc binding protein,
Oncogene (2010).
[20] S.F. Roush, F.J. Slack, Transcription of the C. elegans let-7 microRNA is temporally
regulated by one of its targets, hbl-1, Dev. Biol. 334 (2009) 523–534.
[21] H.W. Peng, M. Slattery, R.S. Mann, Transcription factor choice in the Hippo
signaling pathway: homothorax and yorkie regulation of themicroRNA bantam in
the progenitor domain of the Drosophila eye imaginal disc, Genes Dev. 23 (2009)
2307–2319.
[22] G. Wang, Y. Wang, W. Feng, X. Wang, J.Y. Yang, Y. Zhao, Y. Liu, Transcription factor
and microRNA regulation in androgen-dependent and -independent prostate
cancer cells, BMC Genomics 9 (Suppl. 2) (2008) S22.
[23] M.C. Ow, N.J. Martinez, P.H. Olsen, H.S. Silverman, M.I. Barrasa, B. Conradt, A.J.
Walhout, V. Ambros, The FLYWCH transcription factors FLH-1, FLH-2, and FLH-3
repress embryonic expression of microRNA genes in C. elegans, Genes Dev. 22
(2008) 2520–2534.
[24] M. Megraw, V. Baev, V. Rusinov, S.T. Jensen, K. Kalantidis, A.G. Hatzigeorgiou,
MicroRNA promoter element discovery in Arabidopsis, RNA 12 (2006)
1612–1619.
[25] A. Ventura, T. Jacks, MicroRNAs and cancer: short RNAs go a long way, Cell 136
(2009) 586–591.
[26] Y.B. Mao, W.J. Cai, J.W. Wang, G.J. Hong, X.Y. Tao, L.J. Wang, Y.P. Huang, X.Y.
Chen, Silencing a cotton bollworm P450 monooxygenase gene by plant-
mediated RNAi impairs larval tolerance of gossypol, Nat. Biotechnol. 25 (2007)
1307–1313.
[27] C. Linhart, Y. Halperin, R. Shamir, Transcription factor and microRNA motif
discovery: the Amadeus platform and a compendium of metazoan target sets,
Genome Res. 18 (2008) 1180–1189.
[28] M. Megraw, A.G. Hatzigeorgiou, MicroRNA promoter analysis, Methods Mol. Biol.
592 (2010) 149–161.
[29] J.C. Clemens, C.A. Worby, N. Simonson-Leff, M. Muda, T. Maehama, B.A.
Hemmings, J.E. Dixon, Use of double-stranded RNA interference in Drosophila
cell lines to dissect signal transduction pathways, Proc. Natl Acad. Sci. USA 97
(2000) 6499–6503.
[30] C.A. Worby, N. Simonson-Leff, J.E. Dixon, RNA interference of gene expression
(RNAi) in cultured Drosophila cells, Science's STKE (2001).
[31] H. Maiato, C.E. Sunkel, W.C. Earnshaw, Dissecting mitosis by RNAi in Drosophila
tissue culture cells, Biol. Proced. Online 5 (2003) 153–161.
[32] G. Cavalli, V. Orlando, R. Paro, Mapping DNA target sites of chromatin-associated
proteins by formaldehyde cross-linking in Drosophila embryos, Chromosome
Structural Analysis: A Practical Approach, Oxford University Press, Oxford, United
Kingdom, 1999, pp. 20–30.
[33] X. Messeguer, R. Escudero, D. Farre, O. Nun ̄ez, J. Martinez, M.M. Alba, PROMO:
Detection of Known Transcription Regulatory Elements Using Species-Tailored
Searches, Oxford Univ Press, 2002, pp. 333–334.
[34] D. Farre, R. Roset, M. Huerta, J.E. Adsuara, L. Rosello, M.M. Alba, X. Messeguer,
Identiﬁcation of patterns in biological sequences at the ALGGEN server: PROMO
and MALGEN, Nucleic Acids Res. 31 (2003) 3651–3653.
[35] H.A. Coller, J.J. Forman, A. Legesse-Miller, “Myc'ed Messages”: Myc induces
transcription of E2F1 while inhibiting its translation via a microRNA polycistron,
PLoS Genet. 3 (2007) e146.
[36] T.C. Chang, D. Yu, Y.S. Lee, E.A. Wentzel, D.E. Arking, K.M. West, C.V. Dang, A.
Thomas-Tikhonenko, J.T. Mendell, Widespread microRNA repression by Myc
contributes to tumorigenesis, Nat. Genet. 40 (2007) 43–50.
[37] S. Grifﬁths-Jones, miRBase: microRNA sequences and annotation8, Chapter 12,
Curr Protoc Bioinformatics, , 20108, Unit 12 19 11–10.
[38] D.L. Corcoran, K.V. Pandit, B. Gordon, A. Bhattacharjee, N. Kaminski, P.V. Benos,
Features of mammalian microRNA promoters emerge from polymerase II
chromatin immunoprecipitation data, PLoS ONE 4 (2009) e5279.
303J. Qian et al. / Genomics 97 (2011) 294–303[39] F. Ozsolak, L.L. Poling, Z.X. Wang, H. Liu, X.S. Liu, R.G. Roeder, X.M. Zhang, J.S. Song,
D.E. Fisher, Chromatin structure analyses identify miRNA promoters, Genes Dev.
22 (2008) 3172–3183.
[40] A. Marson, S.S. Levine, M.F. Cole, G.M. Frampton, T. Brambrink, S. Johnstone, M.G.
Guenther, W.K. Johnston, M. Wernig, J. Newman, J.M. Calabrese, L.M. Dennis, T.L.
Volkert, S. Gupta, J. Love, N. Hannett, P.A. Sharp, D.P. Bartel, R. Jaenisch, R.A. Young,
Connecting microRNA genes to the core transcriptional regulatory circuitry of
embryonic stem cells, Cell 134 (2008) 521–533.
[41] S. Kadener, J. Rodriguez, K.C. Abruzzi, Y.L. Khodor, K. Sugino, M.T. Marr, S. Nelson,
M. Rosbash, Genome-wide identiﬁcation of targets of the drosha-pasha/DGCR8
complex, RNA 15 (2009) 537–545.[42] M. Morlando, M. Ballarino, N. Gromak, F. Pagano, I. Bozzoni, N.J. Proudfoot,
Primary microRNA transcripts are processed co-transcriptionally, Nat. Struct. Mol.
Biol. 15 (2008) 902.
[43] Y. Lee, M. Kim, J. Han, K.H. Yeom, S. Lee, S.H. Baek, V.N. Kim, MicroRNA
genes are transcribed by RNA polymerase II, EMBO J. 23 (2004)
4051–4060.
[44] G.M. Borchert, W. Lanier, B.L. Davidson, RNA polymerase III transcribes human
microRNAs, Nat. Struct. Mol. Biol. 13 (2006) 1097–1101.
[45] M.-L. Bortolin-Cavaille, M. Dance, M. Weber, J. Cavaille, C19MC microRNAs are
processed from introns of large Pol-II, non-protein-coding transcripts, Nucl. Acids
Res. (2009)8 gkp205.
